Electron hydration dynamics in water hexamer cluster is studied through ab initio molecular dynamics simulations at a finite temperature within density functional theory. Second-order perturbative MP2 calculations with appropriate basis set containing extra diffuse functions are also performed on simulated structures to obtain more accurate results of the energetics. It is found that the structure of the neutral cluster significantly changes upon insertion of the excess electron. Both, surface bound and partially interior states are found for the excess electron in the present simulations. After the electron capture, the relative energy of the system first decreases very fast because of the structural relaxation and then changes slowly towards the long-time value due to slower evolution of the systems through different configurations. The changes of the average population of water molecules in different hydrogen bonding environments during electron hydration process are also investigated. 
Introduction
When an excess electron is injected into polar solvents, e.g., water or ammonia, either by photoionization or electron beam methods, a solvated electron is formed. This occurs through a complex sequence of events involving thermalization, electronic relaxation, trapping and solvation dynamics (Keszel et al., 1995) . Since the discovery of 'hydrated electron ' in 1962 (Hart and Boag, 1962) , this species has been studied immensely from both experimental and theoretical points of view. Haberland and co-workers (Haberland et al., 1984) experimentally showed that the smallest water cluster anion that could be formed is (H 2 O) 2n -. It has been found that for smaller anionic clusters, (H 2 O) n -with n=2, 6, 7 and 11 are preferentially formed while those with n=3, 4, 5 and 8 are weakly stable and show very weak peaks in mass spectra (Kim et al., 1997a; Kim et al., 1997b , Lee et al., 2005 . Recent experiments (Paik et al., 2004; Paik et al., 2003; Verlet et al., 2005; Bragg et al., 2004 , Lehr et al., 1999 Hammer et al., 2005; Ayotte and Johnson, 1997; Hammer et al., 2004; Jordan, 2004) have investigated negatively charged water clusters containing 4 to 50 water molecules to elucidate their arrangement in the vicinity of a hydrated electron and to study its dynamics. Vibrational predissociation spectroscopy has been applied to obtain knowledge about the motifs of electron binding in smaller clusters with four to six water molecules with an excess electron (Hammer et al., 2005) . These studies have shown that electron is closely associated with a single water molecule attached to the supporting network through a double hydrogen bond acceptor motif. Depending on the nature of electron binding, the presence of three groups of electron-water (H 2 O) n -clusters, e.g. dipole bound states, intermediate states and bulk embryonts, have been shown (Coe et al., 1990; Coe et al., 2006) . 1074 
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The surface bound states are considered to be more stable than the internal bound states for small anionic water clusters. The issue of surface versus interior states of water cluster anions has been recently addressed in more details by means of finitetemperature molecular simulations applying quantum-classical simulation protocol (Turi et al., 2005) . This study has shown that, apart from cluster size, temperature can also play an important role in deciding the surface versus internal states of the solvated electron. For example, at T=200 and 300 K, only surface states were found for n=20-104, whereas at T = 100 K, interior states were found only for n > 45 although it has been debated by others (Verlet et al., 2005; Turi et al., 2005) . Thus, it is very clear that the hydrated electron is far more complex because of the fast dynamics of structural changes and solvation.
Finite temperature behaviour of (H 2 O) 6 -using parallel tempering Monte Carlo method together with a quantum Drude model predicted presence of many isomers of this small cluster with different electron binding energies (Wang and Jordan, 2003; Sommerfeld et al., 2006) . Various isomeric structures of anionic water clusters of difference sizes have also been calculated through high-level quantum chemical and polarization potential based model based calculations (Vysotskiy et al., 2012; Voora et al., 2013) . Recently, a hybrid ab initio molecular dynamics scheme was introduced for simulating supra molecular anions and simulated vibrational and photoelectron spectra of (H 2 O) n -(n=4) treating all electrons quantum mechanically (Herbert and Gordon, 2006) . We also note that recent simulations (Boero et al., 2003) have also studied the finite temperature behaviour of hydrated electrons in normal and supercritical water from first principles. Very recently, ab initio molecular dynamics simulations of water (Frigato et al., 2008) and waterammonia (Pratihar et al., 2011) clusters with an excess electron have been carried out with an aim to address the issue of interior versus exterior solvation of the unbound electron. These studies primarily focused on the cluster structures, electron binding motifs and equilibrium photoelectron spectra of the anionic aqueous clusters at finite temperature (Frigato et al., 2008; Pratihar et al., 2011) . The dynamics of the solvation process of an excess electron in water or other polar clusters is also an important and very interesting issue to be addressed.
Although the structures and energetics of the water cluster anions have been studied extensively, the dynamics of electron hydration process have not been explored much through theoretical investigations. On the experimental side, picosecond and femtosecond spectroscopic techniques (Rentzepis, 1968; Shank et al., 1982) have provided a means whereby ultrafast dynamics of chemically interesting systems can be directly studied. The rapid hydration dynamics of elementary ions like electrons and protons have thus become accessible to experimental investigations. Lee et al. (1985) investigated electron hydration dynamics from the charge transfer state of 2-anilinonaphthalene in water/ alcohol mixtures using picosecond spectroscopy. Early femtosecond transient absorption studies (Migus et al., 1987; Long et al., 1990) have resolved electron hydration dynamics in bulk water. These works have addressed the problem of resolving in time the absorptions by electron in liquid water starting from injection up to its full solvation. A prehydrated state of the excess electron has been proposed. A recent experimental study (Paik et al., 2003; Paik et al., 2004) have captured the ultrafast dynamics of the electron in the presolvated and hydrated states in water clusters and obtained, as a function of cluster size, the subsequent relaxation times by resolving the binding energy of the excess electron in real-time with femtosecond resolution. Electron solvation dynamics in various nonaqueous systems have also been looked at by different groups (Bragg et al., 2010; Bragg et al., 2008; Cavanagh et al., 2007; Larsen and Schwartz, 2009; Lindner et al., 2006; Frischkorn et al., 2000; Lee et al., 2008) in recent years. In the context of clusters, we note the work of Frischkorn et al. (2000) , where femtosecond photoelectron spectroscopy was employed to monitor the dynamics associated with the excitation of the charge-transfer-to-solvent (CTTS) precursor states in I -(NH 3 ) n=4-15 clusters. The experimental results implied that the weakly bound excess electron in the excited state undergoes partial solvation via solvent Regarding theoretical studies done till now, short-time solvation dynamics of the hydrated electron in liquid water have been studied by quantum-classical molecular dynamics simulations (Yang et al., 2001; Nicolas et al., 2003) and by using direct ab initio trajectory method (Tachikawa, 2003; Tachikawa, 2010) . In the present work, we examine the electron hydration dynamics in the cluster of water hexamer (H 2 O) 6 by means of ab initio molecular dynamics simulations. Such studies of size-selected clusters help in understanding the nature of solutesolvent interactions and also bridge the gap between isolated gas-phase and condensed-phase dynamics.
Simulation Details
Two simulations have been carried out starting from two different structures 1(a) and 2(a) (Figs. 1 and 2) which were reported earlier as the stable cage and prism structures of the neutral water hexamer (H 2 O) 6 (Maheshwary et al., 2001) . The ab initio molecular dynamics simulations are performed by using the CarParrinello method (Car and Parrinello, 1985; Marx and Hutter, 2000) and the CPMD code (Hutter et al.) .
In these simulations, the interatomic forces are calculated 'on the fly' at each time step from an electronic structure calculation based on density functional theory (DFT) (Kohn and Sham, 1965) . We have employed the so-called BLYP functional (Becke, 1988; Lee et al., 1988) which was also employed in many earlier studies of Fig. 1 .
Water, ammonia and alcohols in bulk and confined phases are well described by BLYP functional (Laasonen et al., 1993; Sprik et al., 1996; Mallik et al., 2008; Diraison et al., 1999; Silvestrelli and Parrinello, 1999; Liu and Tuckerman, 2001; Boese et al., 2003) . The clusters have been kept in the central region of a cubic box (box length = 15.0 Å) with enough empty space around the cluster in all directions. Plane wave basis within local spin density (LSD) functional theory with an energy cut-off of 80 Ry is used. The core electrons are treated via the Troullier-Martins norm conserving pseudopotentials (Troullier and Martins, 1993) . A fictitious electron mass of 400 a.u. is assigned to orbitals and the coupled equations of motion describing the system dynamics are integrated by using a time step of 3 a.u. (0.0725 fs). In these systems, one free electron is introduced to the initial configuration and then simulations are carried out for 5 ps at 150 K in NVT ensemble for evaluation of different structural properties and energetics as functions of time. We note that the temperature fluctuations upon addition of the excess electron were absorbed through Nose-Hoover thermostating (Nose, 1984; Hoover, 1985) of the cluster at 150 K during the simulations. The density distribution of the excess electron held by the singly occupied molecular orbital (SOMO) is calculated from the Wannier functions. The electron density of the SOMO is shown with an isosurface cutoff of 0.004-0.006 e Å -3 .
After the atomic configurations are generated along the simulated trajectories, we have performed additional all-electron quantum chemical calculations of these clusters at regular time intervals using MP2 method to determine more accurate energies of different configurations that appeared during the realtime dynamics of the systems. These all-electron quantum chemical calculations at MP2 level are carried out using the 6-31(1+3+)g* basis set (Pratihar and Chandra, 2007; Pratihar and Chandra, 2008) which contains one diffuse sp function on each heavier atom like O and three diffuse s functions on each H atom (Pratihar and Chandra, 2007; Pratihar and Chandra, 2008) . We note in this context that functionals like BLYP have been reported to overestimate the true binding energies of anionic water clusters when compared with more accurate quantum chemical and experimental results (Pratihar and Chandra, 2007; Herbert and Gordon, 2005; Herbert and Gordon, 2006) . This overestimation of the binding energies arises from the lack of a long range exchange repulsion that is not captured by the BLYP functional (Yagi et al., 2008) . However, the structures obtained through these DFT calculations were found to be very close to those produced by more involved calculations such as MP2 (Pratihar and Chandra, 2007; Herbert and Gordon, 2005; Herbert and Gordon, 2006) . In the present work, the all-electron MP2 calculations were performed using the Gaussian03 program (Frisch et al., 2003) .
Results and Discussion
From the finite temperature simulation trajectories, we could see the real-time evolution of the water cluster (H 2 O) 6 when an electron is injected into it.
The structure as well as hydrogen bond network of the neutral water cluster changed with time. Mainly the water molecules rearrange among themselves to give a high dipole moment structure with time so as to hold the excess electron more effectively. Snapshots of representative structures and excess electron densities of the cluster along the simulation trajectories after the electron capture are shown in Figs. 1 and 2 for two different initial configurations. For the analysis of hydrogen bonding environments of water molecules, we have employed a geometric definition (Chandra, 2000; Balasubramanian et al., 2002; Xu and Berne, 2001; Xu at al., 2002; Paul and Patey, 2007; Pattanayak and Chowdhuri, 2011; Marti et al., 2010; Jana and Bandyopadhyay, 2011) of hydrogen bonds. Specifically, the existence of a hydrogen bond between two water molecules is determined by using the simple geometric criterion that the HO distance should be less than 2.35 A. For a given water, a donor hydrogen bond through one of its hydrogens is denoted by D and an acceptor hydrogen bond through its oxygen is denoted by A. For example, the hydrogen bonding coordination state of a water having one acceptor and one donor hydrogen bonds is represented by AD. Other hydrogen bonding states are also represented in a similar manner.
For the first case where electron was inserted into the cage structure of water hexamer, initially the electron was mostly distributed on the dangling H's of two AAD-type and AD-type water molecules ( Fig.  1(a) ). As defined above, here AAD means a hydrogen bonding state where a water is engaged in two acceptor and one donor hydrogen bonds. Since the local H-bonding environments of these two types of water molecules are different, the electron density on these water molecules differs from each other. With time, the number of dangling hydrogens increases quite fast and the excess electron gets captured in a more localized state. Different representative configurations taken from the simulation trajectory of the cluster are illustrated in Fig. 1(a-h) where the bound-electron charge distributions of the singly occupied molecular orbitals (SOMO) can be clearly visualized. The density of the excess electron is mainly found to be in the vicinity of the dangling hydrogens of water molecules. The structure of 1(b) is quite similar to the open book like structure reported earlier as a stable structure of the anionic water hexamer. It has four water molecules in single acceptor-single donor (AD) sites, one in double acceptor-single donor (AAD) site and one in single acceptor-double donor (ADD) site. The excess electron density is mainly distributed over the free hydrogen atoms of two AD and one AADtype water molecules. The structure of 1(c) has a fourmembered ring consisting of three AD and one ADDtype water molecule which is connected to a twomembered water chain by one AD-type water molecule. One single acceptor (A) type water molecule is found to be present at the end of the chain. The excess electron density is mainly localized on the dangling hydrogens of the A-type water molecule. The structure of 1(d) has two AD, one ADD and one AAD-type water molecule in a four-membered ring, with ADD and AAD-type water monomers being hydrogen-bonded to A and D-type water molecules, respectively. The free electron is being held by free hydrogens of one A and one AD-type water monomers. The structure of 1(e) is very much similar to 1(b). It is also an open book like structure, but it contains four AD-type, one double donor (DD) type and one double acceptor (AA) type water molecules, and here the excess electron density is more localized over the free hydrogens of AD-type and AA-type water molecules. 1(f) has a puckered five-membered ring structure consisting of four water monomers in AD sites and one in ADD site which is hydrogen bonded to the A-type water molecule on its top. Here the excess electron density is mainly localized on the dangling hydrogens of the A-type water molecule. 1(g) has all the six water monomers in the same Hbonding sites as in 1(f). Here the five-membered ring becomes more twisted towards the A-type water molecule to better bind the free electron. In the structure of 1(h), the four-membered ring contains three AD and one ADD-type water monomers, one A-type water molecule being H-bonded to the ADDtype water monomer and one free (NIL, which means having neither an acceptor nor a donor hydrogen bond) water molecule. The excess electron is mainly captured by the dangling hydrogens of A, NIL and AD-type water molecules.
Like this, in the second case where the excess electron has been inserted into the prism like structure of water hexamer (2a), structural changes have occurred and the free electron became more localized with the progress of time. Different representative configurations taken from this simulation trajectory of the cluster are illustrated in Fig. 2(a-g) . The initial prism like configuration of 2(a) has three AAD and three ADD-type water molecules.
Initially the excess electron is in a very diffuse state and mostly distributed on the dangling hydrogens of AAD-type water molecules. Here also, with progress of time, the excess electron disrupts the hydrogen bonded structure of the neutral cluster and the water molecules reorient themselves to bind the free electron in a more effective way. The structure of 2(b) consists of two AAD, two ADD and two ADtype water molecules. The free electron is still in a diffuse state and distributed on the free hydrogens of AAD and AD-type water molecules. 2(c) is the open book like structure. It has four AD-type, one AAD and one ADD-type water molecules. The free hydrogens of AD and AAD-type water molecules hold the excess electron in this structure. 2(d) has one fourmembered ring of three AD and one ADD water molecule which is bound to the two-membered chain of one AD and one A-type water molecules on top of it. The excess electron is primarily captured by the dangling hydrogens of A and one AD-type water molecules. The structure of 2(e) consists of a nonplaner five-membered ring of four AD and one ADDtype water molecules with one A-type molecule Hbonded to the ADD-type water molecule. The excess electron is captured by the free hydrogens of A and AD-type water molecules. 2(f) is structurally very similar to 2(e), although in 2(f) the five-membered ring has become almost planer and the free electron is mostly bound to the free hydrogens of A-type water molecule. The structure of 2(g) consists of a fivemembered ring of five AD type water molecules with a free (NIL) water molecule on top of it. The excess electron density is mainly captured by the free hydrogens of the NIL-type and one AD-type water molecule.
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Comparing both the cases, we can say that the attachment of an excess electron to water hexamer provides sufficient interaction effects to alter the Hbonded structures of the neutral clusters. Although the simulations were started from two different initial configurations, evolution with time leads to many structurally similar conformers. At the initial stage, the injected electron is found to be very diffuse but with time it becomes more and more localized. Addition of the excess electron to the neutral structures of water hexamer leads to an increase in the number of free dangling hydrogens that are mainly engaged in capturing the excess electron density. In some conformers, the excess electron is bound to the cluster surface and in few others the electron is in partially interior like states with OH{e}HO type interactions.
The evolutions of the hydrogen-bonding environment of the water molecules with time are illustrated in Figs. 3 and 4 for the two simulations mentioned above. The results are presented in terms of distributions averaged over time windows of finite width as described in these figures. From Fig. 3 , it is seen that although initially the cage structure contained 33% AD, 33% AAD and 33% ADD-type water molecules, once the trapping of the excess electron occurs in the system, the population of Atype water molecules starts building up to an extent of 16.6% and remains the same up to 1000 fs. Towards the end of the simulation trajectory it decreases to 10%. Population of AD-type water molecules diminishes initially to 16.6% till 100 fs, but again increases and goes up to 50% and remains the same for the rest of the trajectory. After 100 fs, the population of both AAD and ADD-type water molecules decreases to 25% till 150 fs. After that, the population of AAD-type water molecules further decreases to 16.6% till 500 fs and then finally stays at 13.3% for the rest of the simulation run. The population of ADD-type water molecules shows a fluctuating behaviour. It decreases to 8.3% till 750 fs with a jump to 15% for a short period only. Again at 1000 fs, the population of ADD-type water molecules rises to 16.6%, but finally at the end of the simulation trajectory it remains only at 3.3%. Some D-type water molecules appear from 150 fs onward, initially with a population of 8.3%, but vary with time and at the end of the simulation trajectory it remains only at 6.6%. Small amounts of AA-type water molecules also appear from time to time with a population variation from 3.3 % to 0.1%. NIL type water molecules appear towards the end (2-4 ps) of the simulation trajectory with a population of about 13%.
In the second case where the simulations started from a prism structure (Fig. 2(a) ), initially both AAD and ADD-type water molecules had 50% populations. On capturing the excess electron, the H-bonded structure of the cluster changes and it is clearly reflected on the time averaged population of water molecules with different H-bonding environments shown in Fig. 4 . Similar to the previous case, here also the populations of A and AA-type water molecules start building up and vary to different extents at different time intervals. At first, the population of A-type water molecules is found to be 5% till 100 fs, then it jumps up to 10% by 150 fs, decreases to 8.16% for next 100 fs, but again increases to 11% at 500 fs and to 16.6% at 1000 fs. Towards the end of the simulations, it again diminishes to only 3.3%. Although 11.6% population of AA-type water molecules appears in the first 100 fs of simulation trajectory, it decreases gradually to 8.5% by 250 fs, 5.8% by 500 fs, and after that it becomes essentially zero for the rest of the simulation trajectory. Population of AD-type water molecules also starts building up to an extent of 16.6% initially, but keeps on increasing until it reaches 50% after 100 fs, and remains almost the same for the rest of the trajectory. From the very beginning, the populations of both AAD and ADD-type water molecules show monotonous decrease along the simulation trajectory. After 100 fs, the population of AAD-type water molecules becomes 25%, it then diminishes to 8.3% for the next 100 fs, again increases to 16.6% after 750 fs and remains almost the same for the rest of the simulation trajectory. On the other hand, the population of ADD-type water molecules decreases to 23.2% after 100 fs of simulation run, again jumps up to 25% by 250 fs, but starts diminishing gradually after that. Towards the end (2-4 ps) of the simulation trajectory, only 3.3% population of ADD-type water molecules exists. Small amounts of D and DD-type water molecules appeared from time to time for very short time spans. NIL-type water molecules appear towards the end (2-4 ps) of the simulation trajectory, with a population of 13.2%. We note that the distributions of water molecules in different hydrogen bonding environments as found from the later parts of the simulation trajectories are very similar for the two cases even though their starting configurations were very different.
In addition to the time evolution of the structure, we have also looked at the energies and the results are shown in Figs. 5(a) and 5(b) as functions of time for the two cases studied here. As described earlier, these energies are obtained through all-electron MP2 calculations and the results shown in these figures are the deviations from initial energies. After the capture of excess electron to water hexamer, the energy of the system goes down to -4.5 and -5.23 kcal/mol from the initial values for the two different starting configurations of the neutral water hexamer, e.g. cage and prism structures, respectively. This is due to fast structural relaxation of water molecules at short times on capture of the excess electron. These early changes in the energy pro le occur within 100-200 fs for both the cases. After that, the energies of the systems change slowly towards the respective long-time values due to slower evolution of the systems through different conformational structures.
Conclusions
In the present work, we have investigated the hydration dynamics of an excess electron in water hexamer cluster at a finite temperature by means of ab initio molecular dynamics simulations. The energies and forces during the simulations are calculated within density functional theory. In addition, the second-order perturbative MP2 calculations with appropriate basis set containing extra di use functions are also performed on simulated structures along the trajectory in order to obtain more accurate results of the energetics. The primary focus has been to study the structural and energetics changes that occur during the process of electron localization and also the role of hydrogen bonds in localization of the unbound electron. The present calculations are done with two different initial configurations of the hexamer cluster.
It is found that the hydrogen bonded structures of neutral water hexamer cluster change drastically upon the insertion of the excess electron. The cluster evolves with time through many different structures of different electron binding motifs and hydro-gen bonding configurations during the finite temperature simulations. The spatial distribution of the excess electron density shows where and how the excess electron is primarily localized during the hydration process. Both surface bound states and partially interior states have been found for the excess electron in the course of both the simulations. After the electron capture, the relative energy of the system first goes down very fast because of the fast structural relaxation and then the energies of the systems are found to change slowly towards the respective longtime values due to slower evolution of the systems through different conformational structures. The changes of the average population of water molecules in different hydrogen bonding environments during electron hydration process are also investigated. Substantial changes in the hydrogen bonding distributions are noticed during the hydration process. Generally, the hydrogen bonding changes are found to be driven towards formation of more water molecules with dangling hydrogens, which lead to more effective binding of the excess electron. Finally, we note that in the present study we have dealt with electron hydration dynamics in a pure water cluster of six water molecules. It would be interesting to look at similar dynamical processes in clusters of larger sizes and also in other polar clusters. cluster during the electron hydration process. The energies are calculated through all-electron MP2 calculations on structures produced by ab initio molecular dynamics simulations at regular time intervals. Also, the energies are expressed relative to the initial energies. The results of (a) and (b) correspond to cases where the excess electron was injected to the optimized cage (1a) and prism (2a) structures of the neutral cluster, respectively
